Platinum (Pt) nanoparticles were synthesized by pulsed laser ablation in liquid (PLAL) technique in different liquids (acetone, ethanol, and methanol). Ablation was performed using a Q-switched Nd:YAG laser with output energy of 230 mJ/pulse for 532 nm wavelength. Ablation time and laser energy fluence were varied for all the liquids. Effects of laser energy fluence, ablation time, and nature of the liquid were reported. The mean size, size distributions, shape, elemental composition, and optical properties of Pt nanoparticles synthesized by PLAL were examined by transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and UV-Visible absorption spectroscopy.
Introduction
Colloidal noble metal nanoparticles (NPs) have shown size dependent optical properties as well as interesting properties of magnetism and catalysis. Platinum (Pt) and its alloy nanoparticles have attracted much attention because of their potential application in many catalytic reactions to eliminate nitrous oxide (NO) generated in combustion process [1] . There are various synthesis routes for the fabrication of Pt and Pt-compounds at nanoscale such as radiolysis, hydrogen reduction and citrate reduction [2] , and pulsed laser ablation deposition [3] . Pulsed laser ablation in liquid is a rapid, simple, and versatile synthesis technique to obtain ultrapure noble metal nanoparticle colloids. By pulsed laser ablation in liquid, synthesis of Pt NPs [4] [5] [6] [7] [8] [9] with different size, shapes, and properties has been reported by various research groups. Also the preparation of highly dispersed platinum nanoparticle-graphene nanosheet (PtNP-GNS) hybrid colloidal solution [10] and charged Pt-Ir alloy nanoparticles by femtosecond laser ablation in acetone [11] were reported. Excimer pulsed laser ablation of a platinum target in water resulted in platinum hollow micro-/nanoparticles under different laser fluence [8] . However, no studies are known on fabrication of Pt nanoparticles in methanol and acetone by this method. The effects of ablation time on Pt NPs production and morphologies are also of interest.
We reported synthesis of metal, semiconductor, and ceramic nanoparticles using pulsed laser ablation in liquid technique in which the shape, size, structure, composition, and optical properties were analyzed [12] [13] [14] [15] [16] [17] [18] . In this paper, we report the effects of liquid medium (acetone, ethanol, and methanol), ablation energy fluence, and ablation time on morphology, size, structure, composition, and optical properties of platinum nanoparticles produced by PLAL technique. These liquids selected have different properties such as refractive index, dipole moment, and viscosity that can influence the particle morphologies and size distributions.
Materials and Methods
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Journal of Nanomaterials LQ929A) with output energy of 230 mJ/pulse for 532 nm wavelength. The pulse width was 10 ns and the repetition rate was 10 Hz for this laser. The target was a metal plate of Pt with high purity (99.99%). The liquids selected were acetone, ethanol, and methanol to study the effects of the liquid media. Ablation was done with three different laser energy fluence for each liquid selected. Due to the high flammability, the selected liquids were diluted with distilled water (DW) in a ratio of 4 : 1 (liquid : DW) in order to avoid the combustion by the highly intense pulsed laser beam. The Pt target was placed at the bottom of a glass beaker with 10 mL of the liquid (liquid layer height of 9 mm). The laser output was focused using a convex lens of 20 cm. To vary the energy fluence of pulsed laser ablation, the working distance lens to target (DLTT) was varied as 19, 18, and 17 cm. The energy fluence calculated was 25, 19, and 9 J/cm 2 , for an output energy of 230 mJ/pulse of 532 nm wavelength. Ablation experiments were carried out for 5 minutes for the three energy fluence in all three liquids. For the high energy fluence (25 J/cm 2 ), the time of ablation was varied to 10 and 15 minutes also. The clear solution became brown color after laser ablation. The ablation productivity was improved with a translation system attached to the beaker containing the target at a velocity of 50 m/s. This helped to avoid continuous irradiation at one point of the target. Soon after each experiment, a transmission electron microscope (TEM) grid was prepared by placing a drop of Pt nanocolloids on a Cu grid and drying it at ambient temperature. TEM analysis was carried out using a FEI Titan G2 80-300 TEM and elemental analysis using an Energy Dispersive X-ray Analyzer (EDAX) associated with TEM. The size distribution was obtained by measuring nanoparticle sizes from different TEM images taken from the same copper grid. To detect the elemental composition and chemical state of the ablated products, some drops of Pt nanocolloids were placed on a Cu tape and dried at ambient temperature for Xray photoelectron spectroscopy (XPS) analysis. XPS analysis was done using a Thermo Scientific K-Alpha XPS instrument with monochromatized Al K radiation (ℎ] = 1486.68 eV). All the spectra reported were recorded with reference to C 1s peak (284.6 eV). For optical property studies, UV-Visible absorption spectra measurements were carried out using a dual beam UV-Vis-NIR spectrometer (Shimadzu UV-1800) with quartz cells of 1 cm path length using the liquid medium at the reference and Pt nanocolloids at sample positions. Figure 1 shows the micrographs of Pt nanoparticles obtained in acetone, ethanol, and methanol by ablation wavelength of 532 nm for 5 minutes under three different laser energy fluence (9, 19 , and 25 J/cm 2 ). The Pt nanoparticle size distribution histograms and the average diameters are given as insets in each case. In acetone (Figures 1(a) , 1(b), and 1(c)), spherical nanoparticles are obtained with an average size of 1.9±1.5 nm for 9 J/cm 2 and 2.4 ± 1.1 nm 19 J/cm 2 (particle size ranges from 1 to 6 nm) while for the highest energy fluence of 25 J/cm 2 , it shows an average size of 4.6 ± 1.7 nm with a size range (2 to 8 nm) with bigger or agglomerated nanoparticles. For ablation of platinum target in ethanol under low energy fluence (9 J/cm 2 ), well dispersed spherical nanoparticles with average size of 2.1 ± 1.1 nm (particle size ranges from 1 to 6 nm) are obtained while an increase in energy fluence (19 and 25 J/cm 2 ) resulted in an increase in average diameter of the Pt nanoparticles as 4.3 ± 1.3 nm and 3.7 ± 1.5 nm, respectively (particle size ranges from 2 to 7 nm), maintaining the spherical shapes. In methanol, the average size of the platinum spherical nanoparticles shows a small increase from 2.3±1.4 nm (particle size ranges from 1 to 6 nm) to 2.7±1.3 nm and 3.3 ± 1.1 nm (particle size ranges from 2 to 7 nm) for an increase in ablation energy from 9 to 19 and 25 J/cm 2 . In general, for all three liquid media and energy fluence, spherical nanoparticles are obtained with the smaller size ranges for Pt nanoparticles. Also, some bigger nanoparticles are present for energy fluence of 25 J/cm 2 in acetone and ethanol while smaller nanoparticles are obtained in methanol for the same energy fluence.
Results and Discussion
To explore the effects of ablation time on the morphology and size of Pt nanoparticles, TEM analysis was carried out to those samples prepared at ablation times of 10 and 15 minutes. 2 . In this case, as the ablation time increases, the average size of platinum nanoparticles decreases from 4.6 ± 1.7 nm (particles of 2 nm to 8 nm in size) to 2.1 ± 0.9 and 2.8 ± 1.3 nm (particles of 1 to 6 nm in size). Tiny platinum nanoparticles are present as observed in these figures while, for 15 minutes of ablation, these nanoparticles are getting grouped. Pt nanoparticles formed in ethanol show a decrease in their average size when the ablation time was increased from 5 to 15 minutes (Figures 2(d)-2(f)). For 5 minutes of ablation, the average size is 3.7 ± 1.5 nm (particles of 2-7 nm size) and for 10 and 15 minutes it is 2.3±0.7 and 2.3±0.5 nm, respectively (size range of 1-4 nm). All these nanoparticles maintained their spherical shapes. Compared to Pt nanoparticles obtained in acetone, more agglomeration is observed in ethanol as well as in methanol (Figures 2(g)-2(i)). Spherical nanoparticles of average sizes 3.3 ± 1.1 nm and 3.4 ± 1 (particle size varies from 2 to 6 nm) are obtained for 5 and 10 minutes of ablation in methanol and 3.6 ± 1.1 nm (size range from 2 to 7 nm) for 15 minutes of ablation. Some bigger particles are also present for 15 minutes of ablation in methanol. As an effect of ablation time, a decrease in average size of the Pt nanoparticles is observed for ablation in acetone and ethanol while the same average size is maintained in methanol. Table 1 shows details of all Journal of Nanomaterials experimental conditions used to synthesize Pt nanoparticles such as liquid media, energy fluence, ablation time, number of particle counts (high and low) and their average sizes obtained in each case.
Ablation of Pt target in water using 532 nm (10 Hz, 1.6 J/pulse cm 2 ) resulted in nanoparticles of 4-7 nm with an average size 6.2 ± 1.4 nm [4] . Similar synthesis (Pt NPs in water) using fundamental and harmonics (1064, 532 and 355 nm) of a nanosecond pulsed Nd:YAG laser resulted in average particle size of 3 nm, while the infrared ablation resulted in a wider size distribution compared to other harmonics [6] . Excimer laser ablation (KrF laser, 248 nm, 10 Hz, 30 ns) of a Pt target in water resulted in hollow micro-/nanoparticles [8] . Ablation of Pt target in ethanol using 1064 nm (Nd:YAG, average power 500 mW, ablation time 15 min) resulted in nanoparticles with a wide size range from 2 nm to 20 nm with an average of 9 nm [9] . In our study, we obtained Pt nanoparticles with much smaller size Figure 3 shows the HRTEM images and selected area electron diffraction (SAED) analysis of Pt nanoparticles. Analysis of the structure of the platinum nanoparticles using HRTEM and SAED resulted in the fact that the nanoparticles maintained the FCC structure under different conditions. Thermal evaporation is the ablation mechanism related to pulsed laser ablation of Pt target in liquids using a nanosecond pulsed laser. During pulsed laser ablation in liquid, the laser beam wavelength and liquid medium influence the kinetics of nucleation and growth of nanoparticles leading to the formation of nanoparticles with different morphology, size, and structure. For a given target material and laser parameters, particle generation depends on the refractive index of the liquid medium at a given laser wavelength. Lower reflectivity of laser light at the solid-liquid interface favors higher rate of ablation, while absorption of laser light by the liquid reduces ablation rate. Also, the growth processes could be influenced by the physical properties of the liquid medium and then nanoparticles with different morphologies, size, and structure can result. It is reported that highly polar molecules tend to form electrical double layers on the surface of the as-prepared nanoparticles, preventing their growth, aggregation, and precipitation. Ablation time and energy fluence can affect the productivity of nanoparticles and the continuous ablation of nanoparticles in the colloids can end with laser fragmentation to finer nanoparticles or melting of the nanoparticles to bigger ones depending on the energy and ablation wavelength [19, 20] .
In general, fabrication of nanoparticles depends on laser parameters, target material, and the nature of the liquid. Polarity, viscosity, and refractive index of the liquid at the ablation laser wavelength are important in determining the final size and size distribution [19, 20] . Values of dipole moment, absolute viscosity, and refractive index for acetone are 2.69 D, 0.000316 Ns/m 2 , and 1.3614 for 532 nm, respectively. Ethanol has these constants of 1. and ethanol. The decrease in size at higher ablation time can be due to the effect of continuous irradiation of particles in the colloidal solution at a high laser energy fluence [19, 20] . For 5 minutes of ablation at lower fluence (9 J/cm 2 ), Pt NPs obtained in all these media showed nearly the same average size (2 ± 1 nm), but there was an increase in average size with increase in fluence for all the three liquid media. Increase in energy fluence could result in increase in average size of nanoparticles as reported in many cases [12, 16, 19, 20] . The effects of ablation time (at constant energy fluence of 25 J/cm 2 ) were different in these liquids. In acetone and ethanol, there was a decrease in average size with increase in ablation time. A small increase in average size was observed for Pt NPs in methanol (3.3 to 3.6 nm). These changes could be due to the different properties of these liquids, mainly difference in dipole moment and viscosity [19] . From the figure, the peaks at binding energies of 71.22 and 70.86 eV in ethanol and methanol, respectively, for Pt 4f 7/2 are assigned to Pt 0 . In this ablation process of platinum target in different liquid media, the nucleation of the particles occurs at the active mixing zone between the plasma plume created during ablation process and the confining liquid, and then the particles grow to their final size and shape in the liquid medium. For materials such as platinum, silver, and gold, which are not particularly reactive metal nuclei, they start Binding energy (eV)
Elemental Composition and Chemical
Pt 4f nucleation nonreactively and subsequently grow into metal nanoparticles. Moreover, the chemical composition of the liquid medium influences the reactions between the ablated species and the surrounding liquid defining the ablation is reactive type or nonreactive one. Because of the nonreactive nature of ablation of Pt target in these liquids, the nanoparticles obtained were in their elemental state [7] .
Optical Properties.
Optical properties of Pt nanocolloids synthesized by PLAL were investigated by UV-Visible absorption spectroscopy. Optical absorption spectra were measured immediately after experiments for each liquid media. The optical absorption spectra for Pt nanocolloids obtained under different ablation conditions of energy fluence and time are shown in Figure 6 . Figures 6(a) , 6(c), and 6(e) show the absorption spectra of Pt nanoparticles obtained in acetone, ethanol, and methanol, respectively, for different laser fluence (9, 19 , and 25 J/cm 2 ). The surface plasmon absorption for Pt nanoparticles observed is included in the inset with an expanded scale for the absorption peak identification. Absorption spectra for Pt nanocolloids prepared under different ablation times (5, 10, and 15 minutes) for an energy fluence of 25 J/cm 2 are shown in Figures 6(b) , 6(d), and 6(e), respectively, for acetone, ethanol, and methanol. The spectra of as-prepared Pt nanocolloids in acetone (Figure 6(a) ) displayed a broad absorption band with the maximum intensity around 328-335 nm (inset of Figure 6 (a)) with a decrease in intensity from the peaks towards UV as well as the visible region under both conditions of energy fluence and ablation time. The maximum absorption intensity (related to higher concentration of NPs) appeared from the lower energy fluence. This result is related to the increase in the spot area of Journal of Nanomaterials Journal of Nanomaterials ablation. Figure 6(d) shows the optical absorption spectrum of Pt NPs obtained in acetone at 25 J/cm 2 for 5, 10, and 15 minutes of PLAL. As expected, higher absorption intensity corresponds to higher time of ablation, three times higher absorbance for 15 minutes of ablation in comparison with that of Pt NPs obtained by 5 minutes of ablation. The peak appeared at 329, 332, and 334 nm (inset of Figure 6 (b)) for 5, 10, and 15 minutes, respectively, the little red shift presented in the spectra could be due to an aggregation effect of the higher concentration of Pt NPs. Figure 6 (c) corresponds to absorption spectra of asprepared Pt NPs in ethanol at different energy fluence for 5 minutes of ablation. The UV-Vis absorption spectra present a broad peak with the maximum absorption intensity at 241, 246, and 242 nm (inset of Figure 6 (c)) for 9, 19, and 25 J/cm 2 , respectively. Similar to Pt NPs in acetone, the higher absorption intensity is obtained at lower energy fluence. Figure 6 (d) shows the as-prepared Pt NPs in ethanol at 25 J/cm 2 for different time of ablation. The spectra present a broad peak at 242, 238, and 230 nm for 5, 10, and 15 minutes, respectively, showing a blue shift contrary to the results obtained in acetone, in which the increase in the ablation time induced a red shift in the spectrum. This blue shift in absorption peaks could be due to the presence of many tiny Pt nanoparticles and a broader spectral absorption nature for Pt nanocolloids in ethanol could be due to their agglomerated zones and presence of bigger particles. Figure 6 (e) shows absorption spectrum for Pt NPs in methanol at different energy fluence. The spectral nature is similar to that obtained in acetone, but with the maximum intensity at 231, 234, and 233 nm (inset of Figure 6 (e)) for 9, 19, and 25 J/cm 2 , respectively. The maximum intensity absorption corresponds to lower energy fluence, same as the results obtained in other liquid media. Figure 6 (f) shows Pt nanocolloids in methanol at 25 J/cm 2 with different time of ablation. The maximum intensity absorption is at 233, 228, and 223 nm for 5, 10, and 15 minutes, respectively, the same as spectral nature and peak positions for that obtained at different energy fluence. Pt nanoparticles obtained in methanol under both conditions presented same kind of morphologies and size distributions that might have contributed to the same kind of optical spectral response.
For all the liquid media, the higher absorbance is for the Pt nanocolloids synthesized at lower energy fluence for ablation time of 5 minutes because of the larger spot area of irradiation. Also the highest absorbance is for longer ablation time as expected due to higher concentration of Pt nanoparticles. As an effect of the liquid medium, the Pt nanoparticles obtained in acetone, ethanol, and methanol presented different absorption peak values and spectral response. According to the literature [4, 5] and theoretical calculations [23] , Pt spherical nanoparticles of around 10 nm presented an optical band in the far UV (<215 nm in water) and was attributed to interband transitions. In our case, the peak appeared at around 330 nm, which is in agreement with the results reported by You et al. [24] that presented spectra with size dependence peaks in this range for Pt NPs of 4-8 nm. The absorption spectra were in agreement with that of Pt nanoparticles prepared by PLAL as well as chemical methods. Pt NPs obtained in acetone showed better stability (up to 7 weeks) compared to those in ethanol and methanol. Further studies are needed on long term stability of these Pt nanocolloids.
Conclusions
Pt nanoparticles were synthesized in acetone, ethanol, and methanol by PLAL technique under different ablation energy fluence and time. TEM analysis showed spherical morphologies and cubic crystalline structures for the Pt nanoparticles. Their elemental composition and chemical states were confirmed using EDX and XPS analysis. The variation of energy fluence and ablation time influenced the size and morphologies of the Pt NPs obtained in different liquids. Optical properties of the Pt nanocolloids were different for different liquid media while the highest concentrations of nanoparticles were for lowest energy fluence and longer ablation time.
